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As nanopartículas de prata e ouro são materiais que exibem 
propriedades físicas e químicas muito interessantes, nomeadamente 
as que se encontram associadas a efeitos de superfície como por 
exemplo na obtenção de espetros de Raman de moléculas 
adsorvidas na superfície de metais, originando sinais por 
intensificação por superfície (SERS: Surface-enhanced Raman 
scattering). Desde a sua descoberta, o efeito de SERS tem sido 
aproveitado em técnicas de análise e deteção de analitos em 
concentração muito baixa nas respetivas soluções. Um aspeto muito 
relevante em termos de desenvolvimento de novos materiais é a 
investigação de substratos mais eficientes para SERS. Além disso, o 
desenvolvimento de substratos mais convenientes, eventualmente 
acoplados a instrumentos de Raman portáteis é também promissor 
para a deteção de baixas concentrações de moléculas em múltiplas 
áreas, como por exemplo a deteção de corantes.  
Esta dissertação de Mestrado  apresenta estudos em novos 
nanocompósitos à base de fibras têxteis e nanopartículas metálicas, 
tendo em vista a sua utilização como substratos para SERS. 
Primeiramente é apresentada uma revisão bibliográfica sobre fibras 
naturais, nanopartículas metálicas, nanocompósitos  e a técnica de 
SERS, de modo a contextualizar o trabalho de investigação. Este 
envolveu numa primeira fase a preparação de nanocompósitos à 
base de fibras naturais, tais como o linho, a seda e o algodão. 
Utilizaram-se para o efeito nanopartículas coloidais de Au e Ag 
obtidas pelo método de citrato, com tamanho médio de 14 e 86 nm, 
respetivamente. Seguidamente, exploraram-se três técnicas 
preparativas para obter os nanocompósitos, nomeadamente a mistura 
das fibras e os coloides metálicos previamente preparados, com e 
sem modificação prévia da superfície das fibras com polieletrólitos e, 
ainda, a síntese in situ das nanopartículas na presença das fibras. Os 
nanocompósitos foram caracterizados por diversas técnicas, tais 
como microscopia eletrónica de varrimento, difração de raio-X e 
espetroscopia eletrónica. Em particular, realizaram-se estudos 
detalhados de espetroscopia de Raman explorando o efeito de SERS 
e usando o azul de metileno (MB) como analito. Esta molécula origina 
um sinal de SERS intenso sendo um corante frequentemente utilizado 
na indústria têxtil. Realizaram-se ainda estudos pioneiros no 
mapeamento destes materiais, usando o MB como sonda molecular, 
utilizando microscopia confocal de Raman. Estes estudos permitiram 
igualmente investigar a distribuição das nanopartículas metálicas na 
superficie das fibras bem como a presença do MB. Os resultados 
indicaram que a deteção de MB por esta técnica depende fortemente 
do tipo de nanocompósito, sendo que os nanocompósitos contendo 
prata apresentaram melhor sinal de SERS para a deteção do MB em 
comparação com os materiais análogos de ouro. Em especial, os 
nanocompósitos de linho e prata originaram resultados muito 
promissores como substratos de SERS na deteção do MB. 
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abstract Noble metallic nanostructures are well-known materials that present 
interesting physical and chemical properties, especially the surface 
plasmon resonance involved in the surface-enhanced Raman signal 
(SERS) of molecules adsorbed at the metal surface. Since its 
discovery, the SERS method is a highly studied analysis technique 
that allows detecting molecules at very low concentration. Numerous 
works are currently leaded to develop more efficient SERS substrates 
to lower the detection limit. Also, the development of more convenient 
substrates, eventually coupled with portable Raman technology is 
promising for the detection of low concentrated molecules in multiple 
domains, as for example the detection of dyes. 
This report presents the study of new nanocomposites with texile 
fibers for their use as SERS substrates. A literature review about 
natural fibers, metallic nanoparticles, nanocomposites and SERS 
technique will first be presented to contextualize this research. Then, 
several combinations of composites were prepared with natural fiber 
matrix of linen, silk or cotton. To prepare the nanocomposites, gold 
and silver nanoparticles were synthesized by the citrate method and 
have a mean size of respectively 14 nm and 86 nm. Then, three 
techniques of synthesis are used to produce the nanocomposites; 
namely the blending of fibers and metal colloids previously prepared, 
with and without modification of the fiber’s surface with 
polyelectrolytes, and the in situ synthesis of the particles in presence 
of the fibers. The nanocomposites were then characterized by several 
techniques such as scanning electron microscope, X-ray diffraction 
and optical measurements. The molecular probe used to evaluate the 
quality of the composites as SERS substrates was methylene blue 
(MB). This molecule has a strong SERS signal and is a dye frequently 
used in textile industry. Mapping studies of the composites were 
performed, using Raman confocal microscopy with MB as molecular 
probe. These studies allowed monitoring the distribution of the metallic 
nanoparticles at the fiber’s surface, as well as the presence of MB. 
The results showed that the detection of MB through this technique 
strongly depends on the type of nanocomposite, knowing that the 
composites with silver presented a better SERS signal of MB than the 
similar material with gold. Particularly, the composites of linen and 
silver presented very promising results as SERS substrates for the 
detection of MB. 
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1. INTRODUCTION 
 The textile industry is in high development in the last decades. The fields of 
applications of textile fibers expand while new fibers are developed. The last trend is the 
functionalization of the fibers or the fabrics in order to add specific properties to the basic 
thread. The terms of smart fabrics or e-textile have appeared to mention a fabric structure 
that senses and reacts to different stimuli from its environment [1]. An e-textile is usually 
composed by sensors that detect signals from the environment, connected to a control unit 
that processes the information and to actuators that allow the system to give a feedback [2]. 
The function of the sensors is to get a signal and to transform it to be more easily read by the 
user.  
In parallel, it is known that fiber fabrics constitute the most important type of material in 
sportswear industry. Their quality and functionality is always evolving to answer the 
exigencies of the competition world, where the limits of athletes’ performances are stretched. 
This domain requires more and more tools to study the reaction of the body to physical effort. 
Indeed, the idea is to find ways to analyse in situ the body’s condition without interrupting the 
effort or using invasive methods. In this field, works are pending on biomechanical monitoring 
and the range of passive fabrics used as detectors is really large [1]. However, it is mainly 
constituted of small analysing devices included in fabrics. A bio-phenomenon that happens in 
a living system, such as respiration or body fluid circulation, can be detected by mechanical 
or chemical path. As an example of mechanical path, Pacelli et al. [3] have reported the use 
of piezoresistive knitted fabrics sensors included in cloths for position and gesture 
recognition. On the other hand, the detection using chemical paths normally induce a 
chemical reaction between the sensor and the stimuli to get a reaction. One of the most 
common applications is the monitoring of biological fluids: wound exudates or sweat analysis 
can bring a lot of information on the state of the body. Coyle has reported the conception of a 
device composed by a textile for the collection of sweat which pH is measured in situ: an 
optical system of two LEDs monitors the colour of pH-sensitive dyes put in contact with the 
sweat [4].  
For innovation, the idea is not anymore to link a fiber and a sensing device, but to make the 
fiber the sensor. Indeed, the tendency is to decrease the size of the sensors for wearability 
reasons. The thread shape is optimal to be easily incorporated in the fabric. The creation of 
sensors using fibers can be achieved by functionalizing the fibers with chemicals or using the 
natural or polymeric fiber as a matrix in a composite completed by nano-sized functional 
elements. For example, Pasche et al. [5] have reported the preparation of biosensing optical 
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fiber woven in a fabric. The fiber coated with a bio-marker, which is sensible to specific 
molecules, absorbs more or less as a function of these molecules concentration in its 
environment. A light source and a photo-detector at both ends of the fibers record the 
absorbance of the light. Both of these works show the possibility of having fabrics that collect 
information about substances present in its environment. Also, carbon nanotubes added to 
fibers as a coating can promote their conductivity in the presence of a specific substance 
such as albumin as reported by Shim et al. [6]. The review of Pinto et al. reports the 
fabrication of several nanocomposites based on fibers and metallic nanoparticles (NPs), as 
well as their applications [7]. Metallic  NPs are often applied as platforms for the detection of 
molecules using the surface-enhanced Raman scattering (SERS) spectroscopy [8]. This 
method involves the spectroscopic analysis of adsorbed molecules on metal surfaces that 
exhibit a plasmonic response to incident electromagnetic field, such as for gold (Au) and 
silver (Ag) colloids. 
 
 The first chapter of this report gives details on the chemistry of the linen, cotton and 
silk natural fibers and the nature of their surface. Syntheses of metallic nanoparticles will be 
described as well as different techniques reported in the literature to coat the natural fibers 
with metallic nanoparticles. The SERS spectroscopy and its surface enhancement using 
metallic nanoparticles will be then quickly presented. 
 
A. NATURAL FIBERS 
 In literature, a variety of natural fibers have been studied for several purposes such as 
reinforcement [9–11], or medical applications [12], where the interface fiber-environment is 
critical. Hence, for composites applications, at macro and nano-scale, knowing the nature of 
the fiber’s surface is important to predict its interaction with the other materials. In this work, 
natural fibers such as linen, cotton and silk will be used as matrix. The compositions of these 
fibers will be reported, as well as techniques to chemically modify their surfaces. 
a. Cellulose based fibers 
 Linen and cotton are vegetal fibers collected from the stem of linum and the seed of 
gossypium respectively. Both are constituted of more than 70% in weight of cellulose [9]. 
Cellulose is a polymer containing hydroxyl groups which allow making hydrogen bonds with 
each other to constitute the fiber. Hence, as shown in figure 1, the surface of linen and cotton 
presents hydroxyl groups, strongly polarized that give hydrophilic nature to the surface. This 
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brings high moisture absorption properties to the fabric. Also, the hydroxyl groups induce 
negative charges at the surface in aqueous medium in a pH above 2,5 [13]. 
 
Figure 1: Schematic representation of hydrogen bonding in natural cellulosic fiber [11]. 
In its composition, linen contains more hemicellulose than cotton. The hemicellulose is very 
hydrophilic and does not have the same chemical structure than cellulose: it contains 
different sugars units and has a high degree of chain branching that makes it amorphous in 
the matter [9]. This can induce slight differences of surface charges between linen and cotton 
fibers, which can have an importance for composite applications.  
Cellulose is a really known and used material and numerous of works can be found in the 
literature on the surface treatments to modify its properties. For example, alkalization 
processes can give to cellulose more hydrophobicity. Giving hydrophobic properties to fibers 
is useful for applications such as reinforcement in composites: fibers become more 
predisposed to link to resins [11]. The alkalization process consists in mixing the cellulose 
fiber with sodium hydroxide (NaOH) in order to remove waxes and oils at the surface 
according to the following equation. 
Cell-OH +NaOH Cell-O-Na+ +H2O + surface impurities. 
This treatment also leads to a rougher surface [11] because some amount of hemicelluloses 
and pectins, which are at the surface of cellulose, are removed. There are other treatments 
such as etherification or acetylation for different surface modification purposes [11]. The table 
1 reports the changes in surface energy of linen fibers after different treatments. 
Table 1: Comparison of the effect of fiber treatment on the polar component γ
p
, dispersive component γ
d
 
and total surface energy γ of linen fiber bundles [10].  
 Surface energy 
Treatment γ
p
 (mJ/m
2
) γ
d
 (mJ/m
2
) γ (mJ/m
2
) 
Untreated 19.87 23.85 43.72 
With VTMO 3.43 42.39 45.82 
With 10% MA 12.52 20.55 33.07 
With 10% MAPP 1.41 37.8 39.21 
With NaOH 13.62 33.93 47.55 
There are some limitations on the use of cellulose such as its degradation conditions (above 
200°C) or its low microbial resistance and its susceptibility to rotting [9] when used as 
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reinforcement fibers in a polymer matrix. However, those facts are not necessarly restricting 
for their use as substrate for the analysis of molecules. 
b. Silk fiber 
 The silk is an animal fiber found in the silkworm cocoons and is constituted of fibroin 
fibers coated by sericin that acts as glue linking the fibers. The sericins compounds, which 
are hydrophilic and constitute 30% of the mass of the cocoon, can be removed by boiling in 
an alkaline solution to obtain only silk fibroin [12]. Usually, silk in long fiber form used for 
textiles still has this sericin coating. Silk has interesting mechanical properties, is mostly 
hydrophobic because of the fibroin protein and is insoluble in most solvents [14]. It has a 
good microbial resistance so a lot of researches are lead for its application as a biomaterial 
to grow tissues. The surface of silk fibers contains amine, hydroxyl and carboxyl groups [12]. 
These endings can be used for surface modification: deposition methods of polyelectrolytes 
have been developed to increase the affinity of living cells to the silk [12]. 
 The functionalization of the fibers can be done chemically and also by creating 
nanocomposites, that constist of two or more components, with one of them being at the 
nanoscale.  In this way, the interface between the fiber and the material is determinant for 
the quality of the composite. Hence, it is important to know also the nature of the surface of 
the added material. In the next part, we will focus on metallic nanoparticles. 
 
B. METALLIC PARTICLES 
 Nowadays, nanoparticles (NPs) are well studied and are already commercially 
available in solution for several materials, sizes and stabilizing mediums. The research is 
currently on their applications when combined to a matrix and on the improvement of the 
synthesis techniques. Their small size is linked to specific optical, magnetic, electronic and 
antimicrobial properties compared to the bulk materials. Several works highlight their use as 
antimicrobial agents [15, 16], for catalytic applications [7, 17], for plasmonics [16, 18, 19] and 
more precisely as SERS substrates [8, 20–22]. The field of applications is even wider as the 
surface of the NPs can be tuned to bring other properties. This part will focus on the methods 
used to synthesize those nanoparticles. A zoom will be given on the method chosen in our 
laboratory to synthesize gold and silver NPs and on the nature of their surface, which will 
have an importance on the composite preparation. 
 As the fields of applications for nanoparticles are countless, the syntheses methods 
are always evolving to reach industrial quantities. Different types of method are possible to 
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produce metallic or metal oxide particles: physical, chemical, physico-chemical and 
biosynthesis.  
Physical methods have the advantage to produce nanostructure without leaving any solvent 
contamination. The most used physical methods to prepare metallic NPs are evaporation-
condensation and laser ablation of bulk material [23]. For silver NPs, these techniques 
provide good distribution uniformity. However, physical methods require bulky installations 
such as furnaces to evaporate materials or to control temperature. 
The most common protocols for the synthesis of metallic particles are chemical methods. A 
metal precursor in solution is added to a reducing agent to initiate the growth of the metal. 
Protective agents are present in the solution to stabilize the particles and eventually to 
functionalize their surface [16]. The synthesis can be done in a one phase solution, such as 
the well known citrate method [24], or in a two phases’ solution, a method described by 
Olteanu et al., where micro-emulsions are created to use the micelles as micro-reactors for 
the growth of the particles [25]. In both cases, the size of nanoparticles can usually be 
controlled by the metal/stabilizing agent ratio or by a third compound. For example, in the 
work of Bastus et al. on the shape and size regularity of citrate synthesized Ag NPs, the size 
of the particles is controlled by adjusting the amount of tannic acid added to the citrate [26]. 
The chemicals used during the synthesis will define the charges and functionality of the 
surface. In some cases, nanoparticles are created on a metal electrode by 
reduction/oxidation cycles of the electrode in an electrochemical cell: the cycles lead to a 
roughening of the surface at nanoscale dimensions [27]. 
The use of physico-chemical methods is also mentioned in the literature [17]. A metal salt is 
used as initiator and the exposition of physical phenomenon, such as light, ultrasounds or γ-
radiations, stimulates the growth of the particles. For example, Dubas et al. [15] prepared 
colloidal Ag NPs by photo-reduction of silver nitrate under UV light. The presence of 
poly(methacrylic acid) allowed the capping of the formed particles to stabilize them in the 
solution. 
Finally, the biosynthesis method uses microorganisms to produce the particle [28]. The 
process can be intracellular with the growth of the particle in the cell walls, or extracellular in 
using the enzymes produced by an organism for the bio-reduction of metal ions. These 
methods can be used for the synthesis of several types of particles in an eco-friendly way. 
However, it is necessary to take in account the nature of the organism used during the 
synthesis, which leaves a bio capping that can have an influence on the application.  
 In the synthesis of nanoparticles, the shape, size, size distribution and stability are 
important parameters to be controlled in order to match with a given application. They 
depend on the precursors and the synthesis method used. In this work, gold and silver 
6 
 
particles will be prepared for plasmonic applications by Turkevich’s citrate method [24]. This 
method uses an aqueous medium to perform the reduction of a gold or silver salt using the 
citrate ion C3H5O(COO)3
3−. It is well known and numerous works [17, 26, 29]  have been lead 
on both metals to better control size and shape of particles. 
Gold nanoparticles were produced at the size of 20 nm in 1951 by Turkevich, by mixing 
HAuCl4 with citrate [24]. Later, with the same method, Frens has controlled the size of the 
gold NPs from 10 nm to 150 nm by modifying the trisodium citrate and gold salt ratio [17]. It 
has been observed that the gold nanospheres produced by this method have a 
homogeneous shape and a good size distribution. The description of the synthesis of gold 
nanoparticles by citrate method [30] specifies that the obtained colloid has a deep-red 
coloration. Nano gold is reported to be very stable, biocompatible, with good plasmonic 
properties and produced in many different nanostructures for a price around 30€ per gram 
[18]. Several applications such as conducting, catalytic, drug delivery, SERS substrate 
convor biosensors [7] are mentioned in the literature for nanosized gold in solution or 
deposited on substrates.  
In a same way, silver cations in hot aqueous solution are mixed with citrate for their reduction 
into nanoparticles [31]. Yet, the diameter of the particle is usually larger than for gold (50 - 
100 nm) [16]. Also, the shape homogeneity and good size distribution are harder to achieve. 
Some papers [26, 29], have shown the difficulty to get spherical silver NPs by the citrate 
method and present other methods to improve the shape such as the modification of the pH 
of the working solution or a two-step method separating the nucleation step from the growth. 
Nano silver is reported to have high plasmonic properties and to be produced in many 
different nanostructures for a price around 0.42€ per gram [18]. It finds applications in 
several fields as an antimicrobial agent, biosensor, catalytic or SERS substrate [8, 15, 16, 
20, 22]. 
 As illustrated in figure 2, in Turkevich’s method, the citrate ion acts as the reducing 
agent but also as the stabilizer. In the final colloid, the negative citrate ions are attached at 
the metal surface through Lewis bonding.  
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Figure 2: Synthesis of metallic nanoparticles by citrate method. 
Hence, the negative charged particles repulse each other and it leads to the stability of the 
colloid. For both gold and silver NPs, this charged surface will have to be taken in account for 
their combination to a fiber matrix to constitute the nanocomposite. 
 
C. FIBER – METAL NANOCOMPOSITES 
 A nanocomposite is a material constituted of several materials, where at least one is 
at the nano scale, in order to combine their properties. This small scale implies different 
production techniques than for macro-sized composites. In this part, we will review several 
techniques to link nanosized metal with fibers. The reasons for adding metal or 
semiconductor nanoparticles to fabrics are the following: antimicrobial function [15], UV 
protection [32], increase of the fabric’s conductivity [33], fashionably glittering colors [34]. For 
this kind of applications, the metal has to be regularly deposited to ensure homogeneous 
properties. 
a. In situ preparation of nanometal/textile composites 
The main approach for the formation of nanostructured surfaces is the incorporation of 
nanoparticles into wet-chemical coatings or compounds. However, other techniques exist 
and do not need the previous synthesis of NPs, avoiding handling problems of nanoparticles 
(agglomeration, toxicology) [35]. For example, coatings of metals such as silver, gold, copper 
and platinum, as well as alloys, can be deposited on fabrics by a physical technique such as 
atomic layer deposition [36] or sputtering [32],[37]. During the process, the sputtered atoms 
form clusters on the fiber substrate. The shape and size of the clusters depend on the 
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deposition parameters [33]. To create a more complex coating of particle such as NPs 
embedded in polymer matrix, plasma porous coating can be combined with sputtering of the 
metal atoms [35]. Additionally, with this method, the NPs are not attached together at the 
surface of the fiber but well separated by the polymer. However, these physical deposition 
techniques require important machinery.  
Chemical methods are the most used methods to deposit metal into fibers. For example, 
Jiang et al. have reported the use of chemical plating for silver on cotton/polyester blended 
fabrics [34]. Chemical plating consists in dipping the fabric in a solution containing metallic 
ions and a reducing agent. The fiber needs to be pre-treated for its surface to act as a 
catalyst of the reduction reaction. The resulting layer is constituted of nanostructures of the 
metal with size and shape dependant of the synthesis conditions. In this work, the grain size 
of the metal particle aggregation ranged from 30 to 100 nm in diameter [34]. This wet 
chemical technique is also named in situ synthesis of NPs when it leads to well define 
metallic particles [38–40]. The reduction of the metallic salt in the presence of the fiber can 
be made with the help of temperature [38], light [39], microwaves heating [41], ultrasons [42] 
or another reagent [40, 43]. The covering of the fiber with NPs depends on the initial metallic 
salt concentration. To help the reduction in situ of a metallic salt on the surface of the fiber, a 
pre-modification of the surface can be done to create optimum nucleation sites for the growth 
of the NPs [44]. 
All these previous techniques lead to a coating that grows in forming nanostructures. 
Therefore, the created nanostructures can be characterized only after deposition. This does 
not allow the intrinsic properties of the nanostructures to be previously studied. The solution 
is to synthesize and study the metallic nanoparticles in a first phase and to produce the 
metallic-fiber composites in a second phase. In this way, the properties of the particles can 
be compared before and after the compilation with a fiber matrix. 
b. Ex situ preparation of nanometal/textile composites 
Hence, we will now focus on deposition of already synthesized nanoparticles by wet-
chemical ways. As described in the two first parts, the chemistry of the surface of the fiber 
and the nanoparticle depends on their production and/or treatment process: this will have an 
influence on the incorporation of the particles in the matrix. Several strategies exist to 
prepare natural fibers/NPs nanocomposites [7]. 
The simplest technique is the blending of the colloidal particles on the fiber. Either the fiber is 
stirred in the colloid for a certain time or the colloid is deposited on the sample by droplets 
that diffuse in the fibers [45]. However, this second technique can induce non uniformity of 
the concentration of particles on the surface. After deposition, the sample can be rinsed or 
squeezed to remove the excess of colloid [46]. The blending of the components has the 
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advantage of being a simple method. Yet, it involves only weak interactions between the 
surface of the fibers and of the NPs, leading to poor washing durability and discontinuous 
properties in time [7].  
To increase the resistance of the composite, the reinforcement of the interactions particle-
fiber can be obtained by using an electrostatic assembly method [7]. The principle is to give 
to the surface more electrostatic affinity for the nanoparticles. Indeed, natural fibers in 
aqueous solution and Au or Ag NPs produced by citrate method have negative charged 
surfaces [30]. The deposition of one or several layers of charged electrolyte on the natural 
fiber gives also a better homogeneity of the surface that becomes more suitable to stabilize 
the nanoparticles. The idea of electrostatic self assembly method, also called electrostatic 
layer-by-layer (LBL) deposition method is depicted on the figure 3.  
 
Figure 3: Electrostatic layer-by-layer deposition method  [47].  
Several works in the literature report the use of LBL deposition of different compounds and 
for different applications. Dong and Hinestroza [44] have prepared cotton fabrics by 
immersion in a cationic aqueous solution of (2,3- epoxypropyl)trimethylammonium chloride 
(EPTAC) before soaking it in colloids of Au, Pd or Pt nanoparticles. The positively treated 
cotton was also used for the in situ synthesis of the same particles, creating catalytic fabrics 
or highly functionalized textile substrates. Additionally, silk and nylon fibers were treated with 
poly(diallyldimethylammonium chloride) (PDADMAC), as positive polyelectrolyte,  by Dubas 
et al. [15] before the deposition of Ag NPs capped with poly(methacrylic acid) (PMA) for 
antimicrobial applications. The composites were characterized after the application of a 
different number of alternative layers of PDADMAC and particles, so the particles were not 
only at the final surface of the composite but between each layer of positive polyelectrolyte.  
This method has been also used to prepare SERS substrates. For example, Li et al. [48] 
have deposited several layers of polyelectrolyte and particles on quartz slides to be used as 
active SERS substrates for the detection of Rhodamine 6G. They have immersed quartz 
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slides in a 0.5% Poly(diallydimethylammonium chloride) (PDDA) solution before being 
immersed in the Ag colloid stabilized by negatively charged mercaptoacetic acid. The PDDA 
positive layer was also used to catalyse the in situ synthesis of the Ag NPs. The two layers 
were repeated different times for the characterization. The SERS signal at an excitation 
wavelength of 514.5 nm was increasing for an increasing number of alternative depositions. 
In addition, Pinto et al. [30] have used the LBL method to treat wood cellulosic fiber with 
alternative deposition of poly(diallyl dimethyl ammonium chloride) (PDDA) and poly(sodium 
4-styrenesulfonate) (PSS) (both 1% in solution of 0,5M NaCl) before the addition of silica 
coated Au NPs for security paper application. The same group have used this LBL method to 
deposit Ag NPs synthesized by citrate method on vegetable cellulose for antibacterial 
applications [13]. In this paper, the SEM images show a homogeneous film of particles on 
the surface of the cellulose. The resistance of these composites was controlled by stirring 
them in water and the same amount of silver was observed before and after washing it.  
 
D. APPLICATION OF COMPOSITES: SERS  
 Gold and silver nanoparticles are known, among other applications, for their surface-
enhancement properties of Raman Scattered signals (SERS properties). Raman 
spectroscopy principle is based on the inelastic scattering of light by the matter. For a given 
incoming wavelength, the majority of the light is deviated elastically by the sample because 
of Rayleigh scattering [49]. A small part of the incoming beam will be inelastically scattered 
through Raman phenomenon: depending on the chemical composition of the sample, the 
scattered phonons show a shift in wavelength. Hence, a Raman analysis leads to a spectrum 
of intensity as a function of the wavelength of the light arriving on the detector. The bands 
contained in the spectrum correspond to the different type of vibrations of the molecule and 
constitute a fingerprint of the chemistry of the sample [22]. This non-destructive analysis 
technique is similar and complementary to infrared spectroscopy and represents a useful 
characterization method in several domains. However, a drawback of Raman spectroscopy 
is the fact that it is a phenomenon of weak intensity [49] which does not allow the detection of 
molecules at low concentration. 
The discovery of surface-enhanced Raman scattering in 1974 by Fleischmann et al. [50], 
highlighted the possibility to increase the Raman signals of molecules. Indeed, they observed 
that the Raman signal of pyridine was abnormally increased while in contact with a rough 
silver electrode. 
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Surface-enhanced Raman scattering spectroscopy (SERS) is induced by two mechanisms, 
the electromagnetic and the chemical mechanism, which together contribute to the total 
SERS enhancement.  
The first one is the dominant effect in the enhancement of the Raman scattering and is 
caused by local surface plasmon resonance (SPR), which is dependent of the composition, 
shape and size of the metallic phase in the substrate. The SPR occurs when a metal 
containing free electrons is in presence of an electromagnetic wave and has dimensions 
smaller than the wavelength of this wave [18, 19]. As illustrated in Figure 4, the incoming 
wave induces a collective oscillation of the free electrons in the particle which leads to an 
enhancement of the surrounding electromagnetic field. When a molecule is close to a 
metallic particle, its Raman scattered signal can be enhanced by the increased field and the 
signal collected by the spectrometer is more intense than without the presence of a particle. 
The second enhancement factor, the chemical mechanism, considers the resonant effect of 
the molecule adsorbed on the surface of the metallic nanostructure by charge transfer 
(dependent on the analyte).  
 
Figure 4: Surface plasmon resonance: collective oscillations of electrons in response to an external 
electric field in nanospheres [51]. 
Considering these two mechanisms, a surface-enhanced Raman signal depends on the 
studied molecule, the nanometal used as substrate and the wavelength of the excitation 
source. In a study, McFarland et al. conclude that the condition for maximum enhancement 
of a Raman signal is when the wavelength of the SPR of the substrate, λSPR, is located 
between the excitation wavelength λexcitation and the wavelength of the photon scattered by the 
analyte λRaman photon [19, 52]. Indeed, in this case, the electromagnetic field enhanced by the 
particles increases both signals, the one incoming and the one outgoing from the analyte. 
 Numerous reports and reviews have been published, demonstrating the preparation 
of active SERS platforms with different metallic nanostructures, sizes and shapes that 
present these properties, as well as their applications.  
The review of Tsukruk and co-workers [8] contains a lot of information on the SERS 
phenomenon, the different type of SERS-active nanostructures and applications such as 
biological sensing or monitoring of nano-scale chemical phenomena. The advantages of 
using nanostructures for SERS measurements are highlighted in the review of Abalde-Cela 
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et al. [20], which demonstrates the possibility of functionalizing the SERS agent to make it 
selective to a specific molecule in case of analysis of a complex sample.   
The most used SERS substrates are the metal colloids. They are mixed with an analyte to 
enhance its Raman signal. Also, an aggregating agent can be used to get metallic particles 
close to each other and to increase the electromagnetic field around the studied molecule. 
These aggregating agents can be salts that reduce the stability of the particles in the colloid 
[53]. The aggregation of the particles can be performed by other techniques such as in the 
work of Zhang et al. [54], who have reported the compacting of Au NPs in the shape of 
microdisks to be attached to living cells for Raman labelling. Other groups report the 
development of more complex structures, such as self-assembled silver nano-flower like 
structures [55].  
For easy-handling purpose, solid SERS substrates can be produced by linking the particles 
to a support such as glass or mica to create a compact film of NPs, which allows the 
improvement of the electromagnetic enhancement phenomenon, as it occurs for rough 
metallic surfaces [56]. For example, sputtering technique can be used to deposit nano-size 
rough metal phase on a glass substrate [57]. The roughness of the substrate can be well 
controlled by using the metal film over nanosphere technique [58, 59]. Furthermore, other 
types of support can be used to produce SERS substrates. In our laboratory, composites for 
SERS were prepared by incorporating Ag NPs in polymers matrixes such as PBA and PMMA 
[60, 61]. Also, bio-polymers matrixes can be used: bionanocomposites of Ag NPs in gelatine 
[62], gold colloid absorbed in filter paper [63] and Ag NPs prepared in the presence of 
bacterial cellulose sponges [64] have been evaluated as SERS substrates for applications 
such as the detection of pesticides or for medical bio-analyses.  
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E. SCOPE OF THE MASTER DISSERTATION 
 The aim of this work is to use natural fibers of linen, cotton and silk, and NPs of Au 
and Ag to produce nanocomposites that will be evaluated as SERS substrates for the 
detection of low concentrated analytes. The idea is to get closer to a material that could be 
used, for example, as a passive sensor in fabrics, in order to detect low amount of molecular 
adsorbates. The fiber, a hydrophilic material, when in contact with the skin can act as a 
collector of the fluid. The nanoparticles adsorb the low-concentrated molecules and enhance 
their Raman signal. In our case, the analyte used will be the methylene blue, a dye widely 
used in textile industry and that has an easily detectable Raman signal, in order to select 
which type of our nanocomposites has the best SERS properties.  
The second chapter of this dissertation describes the characterization of the raw materials 
and of the nanocomposites produced for this study. In the third chapter, the results and 
discussion of the Raman and SERS studies is given, for the three types of fibers. The global 
conclusion of the study is presented in the chapter 4 and finally, chapter 5 gives details on 
the chemicals, the instrumentation and the protocols used during this work.  
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2. RESULTS AND DISCUSSION 
A. MATERIAL DEVELOPMENT AND CHARACTERIZATION 
 During this work, different nanocomposites (NCs) have been synthesized based on: 
 two type of particles : Gold and Silver 
 three natural fibers : Linen, Cotton and Silk 
 three deposition methods: In situ, Ex situ simple blending and Ex situ Layer-by-Layer 
(LBL). 
 
 Firstly, Au and Ag nanoparticles (NPs) have been produced by the citrate method, 
which consists in heating the metal salt in solution and bringing the growth of the particles 
about by addition of a sodium citrate solution. The NPs were characterized, as well as the 
cleaned natural fibers.  
 Then, the composites have been synthesised by three different methods as described 
above. The blending method consists in mixing the fiber with the previously prepared metal 
colloids during one hour. The LBL method consists in depositing alternative layers of 
positive, then negative and again positive polyelectrolyte on the fiber surface before a 
blending step with the colloid. The in situ method consists in the preparation of metallic noble 
NPs by the citrate method in presence of the fiber that acts as a base for the metal particle 
nucleation. The experimental protocols are detailed in chapter 5. 
The synthesized nanocomposites have been characterized by techniques such as scanning 
electron microscopy (SEM), UV-Vis reflectance spectroscopy, Fourrier transform infrared 
spectroscopy (FTIR) and X-ray diffraction (XRD). 
 This chapter presents and comments the results of the characterization of the fibers 
and the colloids, followed by the three nanocomposites based on linen, cotton and silk.  
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A1. NATURAL FIBERS AND NANOPARTICLES 
a. Zeta Potential 
 To confirm the presence of negative charges at the surface of the natural fibers and 
the metallic NPs, their Zeta potential has been measured. For this measurement, the linen, 
cotton and silk fibers, previously cleaned in acetone, were stirred two days in distilled water 
to obtain a solution with small fibrils able to be analyzed in the Zeta potentiometer. The 
sample in solution was deposited in a sample holder in “U” shape and a difference of 
potential was applied at each of its ends. The movement of the particles (NPs or fibrils) is 
optically observed and related to the charges at their surface. For each sample, three 
measures have been done to calculate the average and are resumed in Table 2. 
Table 2: Zeta potential measures. 
Sample Zeta Potential (mV) 
 
measure 1 measure 2 measure 3 
 
Average 
Au NPs -34.4 -37.5 -39.8 
 
-37.2 
Ag NPs -27.1 -28 -22.4 
 
-25.8 
  
     Linen -17.5 -19.3 -17.4 
 
-18.1 
Silk -97.3 -107 -103 
 
-102.4 
Cotton -22.6 -24.5 -24.8 
 
-24.0 
 
The negative potential of the fiber and NPs was predictable because of the hydroxyl groups 
present on the surface of the fibers and the citrate ions stabilizing the metallic particles. 
However, the values obtained for the fibers need to be taken with caution. For example, the 
measured value for silk fiber is different from the one of silk fibroin particle (-25 to -45 mV) 
found in the literature [65]. The size and long shape of the fibrils can have an impact on the 
measure of the apparatus. Also, the surface of the fibers is not homogeneous so the Zeta 
potential value of the fibers is not exactly representative, but it is interesting to confirm the 
presence of negative charges that is not favourable for the attachment of the negative NPs. 
 
b. Morphology of the metallic particles 
 The size of the Au and Ag particles has been measured by dynamic light scattering 
(DLS), which measures the brownian movement of the particles in suspension. The Au NPs 
have an average size of 14.5 ± 4 nm. The Ag NPs have an average size 86.5 nm with a 
much larger standard deviation of 31 nm. These size distributions are illustrated on the TEM 
images in Figure 5. The Au NPs have a spherical morphology and are regular in shape and 
size. The Ag NPs present a polydispersed shape: some are close to the spherical shape and 
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others are rod-like. Also, as seen with DLS, the Ag NPs sizes are much dispersed, going 
from lengths of 20 nm to 100 nm. 
The disparity of the Ag NPs is partly due to the synthesis method. A better regularity in the 
drop-by-drop addition of the citrate in the solution could lead to a higher homogeneity of the 
size and shape of the particles; a slower introduction, with smaller drops, could diminish the 
size of the NPs. Also a better control of the pH of the solution could help a better 
polydispersity of the Ag NPs in the colloid if needed [26]. 
 
Figure 5: STEM pictures of Au colloid (a, b) and Ag colloid (c, d). 
 
c. Optical properties 
 The prepared metallic colloids have the characteristic colours reported in the 
literature: ruby-red for the Au nanospheres and pale yellow for the Ag NPs. The optical 
spectra of both colloids are shown in Figure 6. In the spectra, an absorption band can be 
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observed at 519.5 nm for Au NPs and at 433 nm for Ag NPs. These absorptions are due to 
the surface plasmon resonance (SPR) that occurs in confined metals (chapter 1-D). The 
broadness of the Ag SPR band is due to the high size disparity of the NPs. 
 
Figure 6: Absorption spectra of Au and Ag colloids. Inset: photograph of Au and Ag colloids. 
 
d. Complementary characterizations 
 The characterization of the colloids has been completed by X-rays diffraction 
analyses (Figure 7). Both gold and silver NPs are crystalline and present the face centred 
cubic lattice characteristic peaks. A remark can be done on the broadness of the peak: the 
diffraction peaks of the Au NPs are broader than the ones of the Ag NPs. Following the 
Scherrer equation that links the size of a particle to the broadening of its X-ray diffraction 
peak, this phenomenon is probably due to the fact that the Au NPs are smaller than the Ag 
NPs.  
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Figure 7: Diffractograms and diffraction patterns of Au and Ag NPs. 
A2. LINEN BASED NANOCOMPOSITES  
 The fiber/NPs composites were characterized with different methods to see the 
quality of the NPs layer on the fiber’s surface. In this part of the report, we will give and fully 
comment the results for the composites with linen as the fiber matrix. The following parts will 
describe more quickly the same kind of information for cotton and silk-based composites. 
a. Optical characterization  
 For the composites synthesized with the ex situ methods, a first remark can be made 
through the observation of the colloids after deposition. The gold colloid slightly changed its 
ruby colour for a bluer colour after the simple blending process. Also, the colloids after LBL 
deposition had a less intense colour than after simple blending, meaning that a high amount 
of particles have been attached to the surface of the fiber. Those observations are confirmed 
by optical measurements of the metal colloids after deposition (Figure 8). After simple 
blending, the absorption band of Au colloid is shifted from 520 nm to 524 nm and an 
additional band is visible at 613 nm due to particle aggregation. A red shift is also observed 
for the SPR band of the Au solution used in the deposition with LBL. 
Considering the silver colloid, no red shift is seen on the spectrum of the solution used for 
blending; mixing the fibers with the colloid did not induce an aggregation of the particles, as 
observed for gold NPs. Also, the colloid used for LBL deposition does not show a clearly 
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defined band which is explained by the high disparity of aggregates induced in the colloid 
during the treatment of the fibers. 
 
Figure 8: Absorption spectra of the colloid (a) and solutions after blending (b) and LBL deposition (c) on 
linen for Au and Ag. Insets: Aspect of the colloids.  
 The optical spectra of the Au/linen composites (Figure 9, Au, b, c, d) confirm the 
presence of Au NPs on the fibers by the presence of the characteristic SPR band for Au NPs 
around 535 nm for the three synthesis methods, in comparison to the optical spectrum of 
pure linen (Figure 9, a).  
For the Ag/linen composite synthesized in situ, the absorption spectrum shows clearly the 
presence of Ag NPs through the band at 424 nm corresponding to the Ag NPs SPR (Figure 
9, Ag, d). In the case of the Ag/linen samples synthesized ex situ, no band of the Ag NPs 
SPR is distinguishable (Figure 9, Ag, b, c). For the simple blend Ag/linen composite, it is 
explained by the poor amount of Ag NPs on the fiber surface, confirmed later by microscopy 
(Figure 13). The shape of the absorption curve of the LBL Ag/linen sample (Figure 9, Ag, c) 
could be induced by two factors. First, the absence of SPR band at the same wavelength 
than the Ag colloid can be explained by the disparity of the Ag NPs in terms of aggregation: 
the Ag layer deposited probably absorbs in a large domain of the visible thanks to the 
different size of NPs aggregates. Hence, the shape of the curve is not clearly influenced. 
Also, despite the fact that aggregation of NPs induces a red shift in absorption, we observe a 
band at 397 nm, as if a blue shift occured for the Ag NPs SPR band. This is probably due to 
the change of environment imposed to the Ag NPs: the particles are deposited on the 
polyelectrolytes at the fiber’s surface. Interactions between Ag NPs and the electrolytes 
could produce an absorption mecanism at a wavelentgh of 397 nm. Indeed, the electric 
properties of its environment can modify the SPR of a metallic particle [19]. 
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To improve the optical analysis and detect the domain of absorption of the Ag NPs, 
measurements have been performed using plain linen fiber as baseline. However, these 
measurements did not allow to distinguish better the SPR of the Ag on the Ag/linen samples.  
 
Figure 9: Absorption spectra of plain linen (a) and nanocomposites blend (b), LBL (c) and in situ (d) for 
Au and Ag.  (Kubelka-Munk units) 
b. XRD measurements 
 X-ray diffraction measurements have been performed on the ex situ linen-based 
nanocomposites and lead to diffractograms (Figure 10 and Figure 11) with peaks that are 
characteristic of the respective metallic NPs. For each composite, the additional diffraction 
peak at an angle of 22° corresponds to the crystalline part of the cellulose of the linen [66, 
67]. The diffraction peak of the (111) plane is visible for the four ex situ linen-based 
composites which confirms the presence of metallic NPs on the fibers.  
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Figure 10: Diffraction pattern of Au NPs (a) and of Linen/Au nanocomposites blend (b) and LBL (c). Inset: 
detail of the (002) peak of cellulose. 
 
 
Figure 11: Diffraction pattern of Ag NPs (a) and of Linen/Ag nanocomposites blend (b) and LBL (c). Inset: 
detail of the (002) peak of cellulose. 
 
c. Scanning electron microscopy 
 The nanocomposites were also characterized by scanning electron microscope 
(SEM) (Figure 13). The SEM images demonstrate the presence of metallic NPs on the linen 
fibers for all the composites, also confirmed by energy-dispersive X-ray spectroscopy (EDS) 
analyses. The picture of plain linen shows fibers with a diameter between 15 and 30 µm and 
we can distinguish the presence of irregularities such as fibrils attached to the surface. All the 
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composites changed of colour respectively to the plain linen with the strongest colours for the 
in situ prepared samples, for both Au and Ag. On the blended composites, the NPs are 
dispersed on the fiber where impurities or irregularities of the surface allow them to stick. In 
the case of the nanocomposites prepared by the LBL method, we can distinguish a metallic 
film more continuous and regular. On the SEM pictures of the in situ samples, appear an 
important amount of metallic particles that are forming voluminous aggregates.   
To observe better the metallic phase of the nanocomposites, complementary SEM pictures 
have been taken in the back-scattered electron (BSE) mode, which allows increasing 
contrast between light and heavy elements. In our case, the metallic phase (Au or Ag) 
appears brighter than the organic fiber constituted of light elements. On Figure 12, we will 
focus on Ag/Linen in situ and Ag/Linen LBL, which are the two composites that show the best 
results in the following Raman studies. We can observe that the Ag NPs on the LBL are 
more homogeneously deposited. On the in situ fibers, the Ag NPs have been grown in 
forming aggregates and seem griped at the rough parts of the fiber. Also, some of these 
aggregates seem to be under the surface of the fiber, which would mean that the metallic salt 
in solution could penetrate the linen fiber before being reduced by the citrate to form Ag 
particles. 
d. Infrared spectroscopy 
 The characterization by infrared spectroscopy (FTIR) was also performed on the 
samples and we show in Annex A2 the spectra of linen and in situ composites. The IR 
spectrum of plain linen (Annex A2, a) is similar to the ones of cellulose that can be found in 
the literature [66]. The bands at 3334 cm-1 as well as at 1649 cm-1 correspond to the O-H 
bonds of the water, the band at 2900 cm-1 is assigned to the symmetrical stretching of C-H 
bond, the ones at 1429 cm-1 and 1315 cm-1 are assigned to the rocking and bending 
vibrations of CH2, the band at 1051 cm
-1 is the C-O asymmetric stretching and the band at 
662 cm-1 is the bending of C-OH. We remark that the addition of the NPs induces no 
differences in the position of the characteristic vibrational bands of the linen. Their small 
amount does not impact on the linen spectrum. 
The same behaviour is observed after the deposition of the polyelectrolytes for LBL method. 
Indeed, it was expected that the addition of PSS or PDDA add some vibrational band to the 
ones of the plain fiber but their amount is too low to detect it by FTIR (Annex A3). 
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Figure 12: SEM pictures in normal mode (Secondary electrons) and BSE mode of Ag/Linen composites 
LBL and in situ. 
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Figure 13: SEM pictures of plain linen and linen-based nanocomposites. Insets: digital photographs. 
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A3. COTTON BASED NANOCOMPOSITES  
 As well as the linen-based composites, the cotton-based composites have been 
characterized after their synthesis. 
a. Optical characterization  
 The observation of the colloids after the deposition of the particles ex situ gives the 
same results than for the linen: no aggregation of the colloids for their use in simple blending 
and an important shift due to particle aggregation for the colloids used with LBL modified 
fibers (Annex A5). A major difference with linen composites is the fact that the solutions used 
in LBL deposition are less clear, which let suppose that a significant lower amount of NPs 
has been deposited. The optical measurements on the composites show the presence of the 
SPR band of Au with a red shift of 20 to 30 nm with respect to the Au colloid, and the same 
blue shift of 30 nm for the Ag-LBL sample than for linen (Figure 14). No SPR of Ag is 
detectable on the Ag-Cotton simple blending sample, which highlight the poor amount of Ag 
NPs deposited. 
 
Figure 14: Absorption spectra of plain cotton (a), and nanocomposites blend (b), LBL (c) and in situ (d) for 
Au and Ag. (Kubelka-Munk units) 
b. Scanning electron microscopy 
 The SEM pictures of the plain cotton show that the fiber is not cylindrical but present a 
counter-relief all along the fiber which then appeared to be a place with a higher deposition of 
NPs (Figure 15). The morphology of the deposited NPs is observed. On the Au/ex situ 
samples, the Au NPs seem to have attached at the surface disparately and forming 
aggregates. Also, the apparent colour of the fiber is weak which means a low amount of 
deposited metal. The very low amount of Ag NPs on the blend sample is visible on the SEM 
image and confirmed by EDS analyses. Again, as for linen, the colour of the fibers is much 
more intense for in situ synthesised samples and it can be seen on SEM images that the 
metal constitutes a kind of regular film at the fiber surface. 
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Figure 15: SEM pictures of plain cotton and cotton-based nanocomposites. Insets: digital photographs. 
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c. Complementary characterization 
 The FTIR measurements on the cotton-based NCs are similar to the ones for linen. 
Indeed, both fibers are constituted of cellulose and hence present the same IR absorption 
bands (Annex A6). Also, the addition of NPs or polyelectrolytes does not influence the 
spectrum of the plain cotton. 
A4. SILK BASED NANOCOMPOSITES 
 After their synthesis, the characterization of the silk-based nanocomposites has been 
performed. 
a. Optical characterization  
 After ex situ deposition of the NPs on the silk fibers, the colloids show a change of 
colour only for the LBL technique. They are very clear, which means that a high amount of 
particles have been deposited, and show a red shift in their absorption respectively to the 
initial colloids for both Au and Ag (Annex A7). The optical spectra of the composites (Figure 
16) show the same behaviours than the previous nanocomposites, with a red shift of the 
SPR for Au NCs because of NPs aggregation, a blue shift for Ag/Silk LBL and no SPR band 
visible for the Ag/Silk blend that shows the low amount of Ag NPs deposited with this 
technique.  
 
Figure 16: Absorption spectra of plain silk (a), and nanocomposites blend (b), LBL (c) and in situ (d) for 
Au and Ag. (Kubelka-Munk units) 
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b. Scanning electron microscopy 
 The SEM images of the plain silk fiber (Figure 17) show clearly the presence of a 
compound at its surface, which is considered to be sericin. It is also observed that the fibers 
synthesized in situ have a softer texture and show less of this impurities on SEM images, 
which can be explained by the heating of the fibers in solution at high temperature, degrading 
the sericin. The in situ composites present a much intense colour and the particles seem to 
have been growing not only at the surface but also inside the fiber, as remarked for the 
linen/in situ NCs. The blend NCs show a weak colour and no EDS signal of the metal is 
detected: both metallic colloids have a poor affinity for the silk fiber surface. However, here is 
clearly demonstrated the effect of the modification of the surface by the LBL deposition of 
polyelectrolytes: the negatively charged NPs have a much higher affinity for the positive 
electrolyte linker than for the nude silk. This induces that the LBL samples show a much 
more intense colour and a high amount of particles on SEM pictures in normal and BSE 
mode. 
As for the other fibers, the FTIR measurements of the composites (Annex A8) do not allow 
the presence of particles or polyeletrolytes to be distinguished and all spectra present the 
same transmittance bands than for the plain silk fiber.  
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Figure 17: SEM pictures of plain silk and silk-based nanocomposites. Insets: digital photographs. 
  
31 
 
B. RAMAN STUDIES 
B1. COLLOIDS AND ANALYTE 
a. Methylene blue  
 Methylene blue (MB) is a heterocyclic aromatic chemical compound with a positive 
cation in neutral and alkaline solutions (Figure 18) which has many uses in a range of 
different fields, such as biology, chemistry and textile industry. MB was chosen as molecular 
probe to study the SERS activity of our composites because it is known to have a very strong 
SERS signal. Indeed, it is rich in free electrons which allow the charge transfer with metallic 
particles to occur easily [57]. Some recent works in the literature report Raman and SERS 
studies with the use of MB [68–77].  
 
Figure 18: Structural formula of methylene blue. 
The UV-Vis spectrum of MB has been measured and presents absorption maxima at 296 
nm, 618 nm and 667 nm (Figure 19). The three different excitations lines used later for 
Raman studies are also represented on the Figure 19: the red line (633 nm) is between two 
absorption maxima of MB, which will induce a resonance Raman effect. The green line (532 
nm) is close to a maximum, and the NIR line (1064 nm) is far away from the absorption 
bands of this analyte and will not induce resonance Raman effect.  
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Figure 19: UV-Vis absorption spectrum of MB in aqueous solution (10
-4
M).  
The Raman spectra of a 10-1M solution of MB have been measured with each line (Figure 
20) to see if the proximity of a light absorption band influences the spectrum of the analyte. 
The Raman data are considered between 200 and 1800 cm-1 because it is a domain covered 
by the two apparatuses used for the measurement and where the specific bands of MB are 
located. These characteristic bands appear in the three spectra and are resumed in Table 3, 
as well as the nature of the vibration that have been assigned to each band with the help of 
the studies found in literature [68, 71, 78, 79]. At first sight, the main difference between the 
graphs is that the one measured at 1064 nm (Figure 20, a) has a better resolution than the 
others. This can be explained by the presence of fluorescence phenomenon for the lines 633 
nm and 532 nm [49] that induces a high background; but also mostly explained by the 
difference of setup for the experimental acquisition that can induce more or less noise. For 
example, the Raman spectrum of MB acquired with the 1064 nm was recorded with a 
potential of 350 mW and 500 scans, while the Raman spectrum of MB acquired with the 633 
nm and 532 nm lasers were recorded with 0.5 s of acquisition, 10 scans and 22 mW or 
42 mW respectively. These changes in parameters and excitation lines are also the reason 
for the slight shifts of each assigned band. The spectra of MB at 633 nm and 1064 nm are 
used as references to monitor the most intense bands of the analyte (at 1624, 1399 and 449 
cm-1) during its study at low concentration in the metallic colloids or on the synthesized 
substrates. 
33 
 
 
Figure 20: Raman spectra of 10
-1
M solution of MB under excitation of 1064 nm (a), 633 nm (b) and 532 nm 
(c). 
Table 3: Bands (cm
-1
) of the spectra of the 10
-1
M MB solution for each excitation line and their assignment 
[68, 71, 78, 79]. 
1064 nm 633 nm 532 nm Band assignment 
1624 1618 1628 ν (C-C) ring and ν (C-N-C) ring 
1500 1485  1474 ν (C-C), (C-H3) bending 
1399 1393 1401 δ (C-H) in-plane ring, ν (C-N) 
1184 -- -- (C-H) bending in-plane ring, ν (C-N) 
755 768 777 skeletal δ (C-N), skeletal δ (C-H3) 
-- 677 -- skeletal δ (C-C), in-plane δ (C-H)  
500 496 502 skeletal δ (C-N-C)  
449 446 452 skeletal δ (C-N-C) 
 
  δ - deformation, ν - stretching 
The solution of MB has been diluted several times and its Raman spectrum has been 
measured. At a concentration of 10-4M, no one of the characteristic bands of the analyte is 
distinguishable on the spectrum. Hence, the solution of concentration 10 -4M was chosen to 
study the SERS sensibility of the metallic colloids and of the metal/fiber nanocomposites. 
 
b. MB and metallic colloids 
 The Raman spectra of Au and Ag colloids have been measured under the two 
excitations lines and present no characteristic bands. Indeed, the only organic molecules 
present in the colloids are the water and the citrate that is capping the NPs: water has no 
functional groups detectable by Raman spectroscopy [57] and the citrate is probably in too 
low concentration to be detected. 
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For both Au and Ag colloids studied under the NIR excitation line (1064 nm), the more 
intense characteristic bands of the analyte have been detected by SERS while aggregating 
the colloid with MgCl2 in presence of 10
-4M of MB (final concentration). The detection limit of 
each colloid has been determined by measuring the MB SERS spectra after each dilution of 
the analyte by a factor 10. The Au NPs allowed us to detect MB until a concentration of 10-5M 
and the Ag NPs, until 10-7M. An interesting feature to observe on the spectra is the relative 
intensities of the bands. For example, in Au colloid, the band of MB at 1624 cm-1 is more 
intense than the one at 1399 cm-1 for a solution of 10-4M and it is the other way around for a 
solution of 10-5M (Figure 21, b and c). Also, in Ag colloid (Figure 22), the relative intensities 
of the bands at 449 cm-1 and 677 cm-1 change with the concentration. In the same colloid, 
bands at 1038 cm-1 and at 677 cm-1 seem to “appear” progressively on the SERS spectra of 
concentrations from 10-5M (not shown) to 10-7M (Figure 22, c). These bands are not present 
on the spectrum of 0.1M MB (Figure 22,a), but are clearly assigned in the literature as bands 
of MB [71]. These changes of intensities while there is a change of concentration of the 
analyte can be explained by the adsorption geometry of the molecules at the surface of the 
metal NPs. Indeed, the adsorption mode of the MB at the substrate’s surface can depend on 
the chemistry of the surface and on the concentration of analyte. [27, 71, 80].  
 
Figure 21: Raman spectrum of 10
-1
M MB (a) and SERS spectra of 10
-4
M (b), 10
-5
M (c) and 10
-6
M (d) MB 
solution in aggregated Au colloid. 1064 nm 
 
35 
 
 
Figure 22: Raman spectrum of 10
-1
M MB (a) and SERS spectra of 10
-4
M (b), 10
-7
M (c) and 10
-8
M (d) MB 
solution in aggregated Ag colloid. 1064 nm 
Under the Red excitation line (633 nm), the SERS spectra of Au and Ag colloids with 10-4M 
MB (Annex A1) present only a large shoulder corresponding to the fluorescence of MB. The 
detection limits of MB in colloids are not determined under this excitation line. The focus was 
to study the SERS sensibility of the natural fibers based nanocomposites as substrates to 
detect the MB. 
B2. LINEN BASED NANOCOMPOSITES 
 The different linen-based composites have been studied under the two excitation 
lines (1064 nm and 633 nm). In a first time, their Raman signal have been measured and 
compared to the plain fiber. Then, they have been evaluated as SERS substrates: 10 µL of 
the 10-4M solution of MB is deposited on the fiber and let dry before measurements. The 
plain fiber, also with a drop of the solution, is used as the reference. In order to evaluate the 
reproducibility of the measures, with and without MB, several measurements have been 
taken from different regions of the substrates, and almost similar intensity and position of the 
bands were obtained each time. 
a. Under NIR excitation line: 1064 nm 
 Firstly, the Raman spectra of the composites were measured without any analyte 
under NIR excitation line to be compared with the spectrum of the plain fibers (Figure 23). No 
well defined band is detectable, neither on the linen fiber nor on the composites, only a broad 
band at 1447 cm-1 on the spectrum of the linen which corresponds to the C-H2 and C-O-H 
deformations of the cellulose [81] and which is also present on the second spectrum 
measured with MB (Figure 24, a) and on the spectrum of the cotton (Figure 32, a). 
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Figure 23: Raman spectra of linen (a) and linen-based nanocomposites blend (b), LBL (c) and in situ (d) 
for Au and Ag. The dashed bands correspond to the cellulose. 1064 nm 
The SERS study, with addition of a drop of a 10-4M solution of MB, allowed us to evaluate the 
enhancement efficiency of the composites. The two characteristic bands of MB, at 1624 and 
447 cm-1, are slightly visible on the samples with Au NPs (Figure 24, Au, b, c, d) and more 
pronounced on the samples with Ag NPs synthesized by the methods in situ and LBL (Figure 
24, Ag, c, d). Those observed characteristic bands can only be explained by SERS 
phenomenon because the plain linen control, also with a drop of the same MB solution, does 
not present these bands (Figure 24, a). The composite of Ag/Linen blend does not present 
any characteristic band of the MB (Figure 24, Ag, b) probably explained by a too low amount 
of NPs on the fiber: this low amount does not induce an enhancement of the Raman signal. 
It is interesting to compare the two composites prepared with Ag by in situ and LBL methods 
(Figure 24, Ag, c, d). Indeed, they both present more bands than only the two more intense 
of the MB. The sample synthesized by LBL shows more defined and higher intensity bands; 
it can be explained by the optical behaviour observed in the optical measurements (Chapter 
2). Indeed, the sample in situ has an optical spectrum showing a defined SPR band at 424 
nm (Figure 9, d), which is far from the exciting laser wavelength. However, the sample 
prepared by LBL method shows an absorption tail approaching to the wavelength of the 
excitation laser (Figure 9, c) that could promote the high SERS activity. Indeed, in the 
literature, a number of studies have described this effect by studying the importance of the 
SERS phenomenon while varying the shape and size of metallic NPs or the excitation laser 
source [21, 52, 82–87]. The SERS phenomenon seems to be higher when the excitation 
wavelength is close to the SPR of the substrate. In this way, it can be assumed that for 
studies under several excitation lines, a substrate with a very large SPR domain would be 
more efficient.  
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Figure 24: SERS spectra of linen (a) and linen-based nanocomposites blend (b), LBL (c) and in situ (d) for 
Au and Ag, with a drop of MB (10
-4
M). The grey bands correspond to the main bands of MB. 1064 nm 
The MB solution with the lowest concentration that has been unequivocally detected was a 
solution of 10-5M, on the Ag/Linen ex situ composite, which gave the best results under the 
1064 nm line. 
 
b. Under Red excitation line: 633 nm 
 Knowing that the second equipment allows the user to combine optical microscopy 
and Raman measurements, we did focus on the study of the composites under the red laser. 
Indeed, we can assume that the measures are more accurate because it is possible to tune 
the focus precisely at the surface of the fiber, contrary to the NIR line.  
A first remark that has been observed during the measurements is that the samples with Au 
are more difficult to observe, notably because it seems to burn more easily than the samples 
with Ag. This could be explained by the fact that Au SPR is close to the excitation 
wavelength: it can absorb a part of the incoming light. 
The Raman spectrum of linen (Figure 25, a) presents the characteristic bands of cellulose 
that are also present on the composites, more or less intense depending on the composite. 
The lower intensities of the cellulose Raman bands on the spectra of the composites can be 
explained by different amount of metal present on the fiber at the measured point: a good 
coverage of the fiber by the metal phase could prevent the laser to reach the fiber and to 
induce its Raman signal. 
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Figure 25: Raman spectra of linen (a) and linen-based nanocomposites blend (b), LBL (c) and in situ (d) 
for Au and Ag. The dashed bands correspond to the cellulose. 633 nm 
The SERS studies of the composites, with a drop of a 10-4M MB solution, allowed us to 
observe several behaviours depending of the type of metal and quality of the metal layer on 
the fiber.  
Firstly, the phenomenon of fluorescence of MB is observed on the control sample (plain linen 
fiber with the MB solution) (Figure 26, a). The wavelength of the excitation line being very 
close to the absorption maximum of the analyte, the MB molecule absorbs the incoming light 
and re-emits photons by fluorescence mechanism. Those photons are also detected by the 
apparatus and induce an increase of the background on the Raman spectrum. 
This phenomenon of fluorescence is also well visible on the composites with gold: the 
presence of a high amount of gold seems to enhance the fluorescence phenomenon, forming 
a high “shoulder” in the background between 800 and 1600 cm-1 on the spectra of Au/Linen 
in situ and LBL (Figure 26, Au, c, d). This supposition is strengthened by the review of 
Moskovits [88] where phenomena such as fluorescence and phosphorescence are said to be 
enhanced by high electromagnetic field in the same way than the Raman signals, when 
happening close to rough metallic surfaces. Also, less fluorescence is visible on the 
spectrum of Au/Linen blend (Figure 26, Au, b), which let us distinguish characteristic bands 
of MB (at 1624, 1396 and 447 cm-1). This can be explained by a lower amount of NPs on the 
fiber. Indeed, the enhancement of the Raman signal happens for a molecule which is at the 
proximity or linked at the metal surface. According to a review on SERS and surface-
enhanced resonance Raman scattering (SERRS) [89], if the molecule is adsorbed to the 
metal surface, the fluorescence of the analyte is quenched. Here, with low amount of metal, 
the molecules non-adsorbed on the metal would not see an electromagnetic field big enough 
to enhance their fluorescence and the ones adsorbed to the surface of the SERS substrate 
would see their fluorescence quenched. On the contrary, for the LBL and in situ composites, 
the high amount of particles could create a more important electromagnetic field that would 
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highly enhance the fluorescence of the few MB molecules that are not linked to the metal. 
Following the reasoning, we could say that having fluorescence can inform us that some of 
the MB is not adsorbed to the metal NPs.  
Similarly to the study under the IR excitation line, better SERS properties are observed on 
composites with silver while studied under the 633 nm excitation line. The characteristic 
bands of MB are observed on all Ag/Linen composites, especially the ones synthesized in 
situ and by LBL techniques (Figure 26, Ag, b, c, d).  
On these two spectra ((Figure 26, Ag, c, d), as well as when studied under IR excitation line 
(Figure 24, Ag, c, d), slights shifts are detected between the SERS bands of MB deposited 
on the substrates and the Raman bands of MB in solution (Figure 20). Those shifts can be 
due to the fact that the molecules are adsorbed at the metal surface, because it usually 
induces these slight band shifts [71]. Also, the change of environment of MB (studied in 
aqueous medium to record the Raman spectrum and by dried drop to record the SERS 
spectra) induces chemical changes, that are said to be the main mechanism responsible for 
relative band shifts [71, 79].  
Furthermore, the intensity of the MB bands on the SERS spectra of Ag/Linen in situ and LBL 
are compared to their intensity on the Raman spectra. It is noteworthy that for one of the 
SERS spectra of MB (Figure 24, Ag, c) the band at 1399 cm-1 is more intense than the band 
at 1618 cm-1, contrary to the Raman spectra of MB (Figure 20). Dong et al. have observed 
the same results using borohydride-reduced Ag colloid as SERS substrate for the detection 
of MB [71]. In their report, they have suggested that, in regard to the intensity of the band at 
1618 cm-1, an increase of intensity of the band around 1399 cm-1, assigned to the C-N 
stretching, indicates that the nitrogen group is interacting more strongly with the Ag surface. 
Other information about the nature of the immobilization of MB species can be obtained from 
the SERS spectra of MB at lower wavenumbers: according to some reports in the literature, 
the relative intensity of the vibrational bands at 441 and 496 cm -1 can be used to correlate 
the concentration of MB monomers in relation to dimmers or aggregates [27, 69, 76]. The 
band at 480 cm-1 corresponds to an adsorption of MB monomers while the bands at 496 cm-1 
and 450 cm-1 correspond to an adsorption of dimmers or aggregates. For some samples, the 
signal at 480 cm-1 does not exist or is low compared to the band at 450 or 496 cm-1 (Figure 
24, Ag, c, d and Figure 26, Ag, d) suggesting that the MB is in the form of dimmers or 
aggregates. For others MB SERS spectra (Figure 26, Ag, c), the band at 480 cm-1 is the 
more intense, suggesting that a big fraction of MB is under the form of monomers on this 
substrate. Several measurements have been performed on the same substrate and the 
relative intensities of these bands were not always the same: the absorption geometry of the 
MB probably changes depending on the region of the substrate where the MB solution dries. 
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 The detection limit, evaluated for the composites giving the better SERS results under 
the 633 nm excitation line, namely the Ag/Linen in situ and Ag/Linen LBL, is for a 
concentration of 10-8M. We remarked that when the concentration of MB decreases, the fiber 
burns more easily under the same laser power.  
 
Figure 26: SERS spectra of linen (a) and linen-based nanocomposites blend (b), LBL (c) and in situ (d) for 
Au and Ag, with a drop of MB (10
-4
M). 633 nm 
 Globally, the Raman signal of the MB increases, using the linen composites, under 
the red excitation line compared to the one at 1064 nm, probably due to a resonance Raman 
effect caused by the proximity of the laser’s wavelength, the absorption maximum of the MB 
and the SPR of the nanocomposites. Indeed, as the SPR domain of the composite overlaps 
the absorption maximum of the MB molecule, a big part of the energy coming from the laser 
will be transferred from the molecule to the metallic substrate, which can strengthen the 
SERS phenomenon [79, 90]. 
 
c. Confocal Raman microscopy    
  After the SERS signal of MB has been maximised, the technique of mapping was 
used to study the spatial distribution of the analyte. Raman spectra were collected point by 
point over the area defined on the optical image of the fiber. The Raman image is created by 
monitoring the Raman intensity of a band (1624 cm-1) of the MB dropped at the 
nanocomposite’s surface. A brighter point corresponds to a higher intensity of the Raman 
band of the MB. Hence, we can foresee that a brighter spot corresponds either to a higher 
amount of MB molecules or to a higher amount of NPs that enhance efficiently the signal of 
MB. 
The SERS mapping of the MB using Au/Linen Blend and Ag/Linen Blend nanocomposites as 
SERS substrates is presented in Figure 27 and show different morphologies depending on 
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the metal. From those images, we can observe more bright spots on the Au/Linen Blend than 
on the Ag/Linen Blend. If the bright colour represents the spots where the Raman intensity of 
the band at 1624 cm-1 is higher, we can say that the Au/Linen Blend have a better SERS 
detection of the MB than the Ag/Linen Blend. This can also be confirmed by optical analysis 
and SEM (Figure 13), with Au NPs forming a cover with large aggregates and Ag NPs that 
seem more finely separated over the fiber surface.  
 
Figure 27: Raman mapping of MB 10
-4
M using Au/Linen blend (a) and Ag/Linen blend (b) as substrates, 
monitoring the band at 1624 cm
-1
 of the SERS spectra. 
The SERS mapping of the MB using Ag/Linen LBL as SERS substrates (Figure 28, a) shows 
that the MB is well dispersed along the LBL fiber. The SEM results previously demonstrated 
(Figure 12), show that the Ag NPs are well dispersed at the surface of the linen with some 
agglomerates which seem to correspond to the brighter spots of the SERS mapped image 
(Figure 28, a). Thus, this result suggests that the SERS phenomenon is achieved when the 
MB molecules are close enough to the Ag NPs. On the other hand, the SERS mapping of the 
MB using Ag-linen in situ as SERS substrates (Figure 28, b) shows that the higher intensities 
of MB are centred in specific areas, maybe in rough spots on the fiber surface where the 
particle did nucleate during the synthesis, suggesting also that the SERS signal of the MB is 
more intense when the Ag NPs form agglomerates. 
These Raman mapped images allowed us to detect high intensities of the MB Raman signal 
enhanced by the NPs. If we assume that the deposition of the analyte is homogeneous all 
over the substrate, this technique can be used to study the distribution and incorporation of 
metallic NPs at the surface of the fibers. 
 
42 
 
 
Figure 28: Raman mapping of MB 10
-4
M using Ag/Linen LBL (a) and Ag/Linen in situ (b) as substrates, 
monitoring the band at 1624 cm
-1 
of the SERS spectra. 
 
d. SERS study using different dyes 
Using this approach and knowing that Ag NPs gave the best enhancements of MB signal, 
other SERS experiments on linen fiber with Ag NPs have been performed. The aim was to 
evaluate the use of the Raman mapping technique as a tool to study the dispersion of 
metallic NPs on fibers’ surface. Three analytes used as dyes in the industry have first been 
deposited on linen fibers: methylene blue (MB), basic blue 3 and rhodamine 6G (R6G). Then, 
Ag NPs were added to the coloured fiber by stirring them in the colloid over different periods 
of time. Raman mapping technique was then used, as an alternative technique to study the 
deposition/incorporation of the metallic NPs on the fiber matrix. 
The SERS mappings of the MB/Linen fibres exposed, or not, to the Ag colloid over different 
times are presented in Figure 29. The mapping of the coloured fiber without addition of Ag 
NPs (Figure 29, a) presents a uniform colour corresponding to a very low or non-existent 
intensity of the characteristic band of MB at 1624 cm-1. As the time of exposition of the 
MB/Linen fibers in the Ag colloid increases, we observe an increase of bright spots along the 
fiber, corresponding to high intensity of the monitored band. From this result, we can 
conclude that the deposition of the Ag NPs is taking place over a long time, and hence, 
stirring the fiber a longer period of time with the colloid allow depositing a higher amount of 
NPs. Also, the back-scattered electron SEM images (Figure 29) allow us to make the same 
conclusion, with a higher amount of bright spots, corresponding to the metallic phase, when 
the time of deposition is increasing. 
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Figure 29: Raman mapping, monitoring the band at 1624 cm
-1
 of the SERS spectra of MB-dyed  linen after 
stirring with Ag NPs during 0h (a), 1h (b), 4h (c) and 24h (d), and the corresponding backscattered 
electron images. 
The same experiment has been performed with Basic blue 3 and Rhodamine 6G (R6G).  
   
Figure 30: Structural formula of the dyes Basic Blue and Rhodamine 6G. 
The Basic blue has been chosen because it has a structure very similar to the MB (Figure 
30); however instead of having a sulphur atom linking the two rings, it has an oxygen atom. 
We did not observe any SERS activity of the Basic blue. This remark could be possibly 
explained by the fact that the atom responsible for the SERS activity of MB in presence of Ag 
NPs is the sulphur: a chemical mechanism happening between the sulphur and the Ag would 
allow the surface enhancement of the MB Raman signal. However, this supposition implies 
that only the chemical mechanism of SERS is taken in account. Also, the presence of the 
oxygen atom, instead of sulphur, induces a different electronic conformation in the whole 
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molecule that can also be a reason of the absence of SERS effect: a certain explication on 
this observation cannot be given yet. 
The R6G appeared to be SERS active using the linen-based composites as SERS 
substrates. Raman mapping has also been performed on the coloured linen with deposition 
of Ag NPs over different times, by monitoring the intensity of a characteristic band of R6G (at 
1360 cm-1, assigned to the stretching of the aromatic C-C bond) (Annex A4). Those 
composites presented the same behaviour that with MB, namely an increase of bright spots 
with the increase of exposition time of the to the Ag colloid.  
 These experiments demonstrate that the Raman mapping can be used to understand 
the deposition of metallic NPs on polymeric surfaces by electrostatic interactions, using a 
SERS active dye colouring the surface. 
 
 
B3. COTTON BASED NANOCOMPOSITES 
 The Raman spectra of cotton-based composites, as well as the SERS behaviour of 
those substrates with low concentrated MB have been studied under the NIR and Red 
excitation lines. 
a. Under NIR excitation line: 1064 nm 
 On the Raman spectra of the composites synthesized with ex situ method, a well 
defined double band at 1126 and 1093 cm-1 is visible (Figure 31, a, b, c) and is assigned to 
the symmetric stretching of C-O-C bonds of cellulose [81]. However, it is not distinguished on 
the spectra of Au and Ag/Cotton in situ, probably due to the important amount of metal at the 
surface of the cotton. The large band at 1447 cm-1 on the spectra of blend and Ag/LBL 
samples (Figure 31, Ag, b, c) corresponds to the C-H2 and C-O-H deformations of the 
cellulose [81] and is also present on the spectra of linen (Figure 23,a and Figure 24, a) and 
on the spectrum of the cotton under the red excitation line (Figure 33, a). The fact that the 
1447 cm-1 band is not detected on the cotton spectrum (Figure 31, a) can be due to different 
focus of the set up which is not precisely tuneable on the surface of the fiber with the NIR 
apparatus. 
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Figure 31: Raman spectra of cotton (a) and cotton-based nanocomposites blend (b), LBL (c) and in situ 
(d) for Au and Ag. The dashed bands correspond to the cellulose. 1064 nm 
The SERS studies allowed us to detect the MB through characteristics bands at 1624, 1395 
and 446 cm-1 on the in situ and LBL samples for both metals (Figure 32). However, the blend 
samples do not present bands from the analyte. This absence of characteristic bands can be 
reasonably explained by the amount of metal NPs, which is known much lower on the blend 
samples than on the other composites. 
 
Figure 32: SERS spectra of cotton (a) and cotton-based nanocomposites blend (b), LBL (c) and in situ (d) 
for Au and Ag, with a drop of MB (10
-4
M). 1064 nm 
 
b. Under Red excitation line: 633 nm 
 Under the excitation line at 633 nm, the Raman spectra of the plain cotton and cotton-
based nanocomposites present much sharper bands (Figure 33) than under the NIR line. 
The bands of cellulose, at 1118, 1091, 517, 459, 431 and 377 cm-1, are well defined and 
distinguishable on the spectrum of each composite (list and assignment of all the band of 
cellulose in [81]). We can remark that those bands are less intense for the LBL and in situ 
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samples, especially for Au metal, than for the blend samples. Indeed, on the well covered 
fibers, the laser can reach only a small amount of nude fiber and hence induce less Raman 
signal from the cellulose. Therefore, the Raman spectrum depends on the site where the 
laser hits the fiber: as seen on SEM pictures (Annex A6), the covering by NPs is not uniform 
and the point of measure could contain more or less metallic phase.  
 
Figure 33: Raman spectra of cotton (a) and cotton-based nanocomposites blend (b), LBL (c) and in situ 
(d) for Au and Ag. 633 nm 
The results of the SERS study of the cotton-based composites under the Red excitation line 
are shown in Figure 34. As for linen, the fluorescence of MB induces background that 
shadows the Raman bands of cellulose. The two main characteristic bands of MB, at 1624 
and 446 cm-1, are visible on all the spectra, included the plain cotton where no SERS is 
possible. During the drying of the MB solution, aggregates of the analyte can form on the 
fiber and be detectable by Raman measurement. Therefore, these two bands present on the 
spectra of Au/cotton composites (Figure 34, Au) and Ag/cotton blend composite (Figure 34, 
Ag, b) are probably not resulting from SERS phenomenon. Indeed, it happens that, using the 
drying of a drop of the analyte to prepare the samples, thick deposits can be created and 
give rather Raman scattering than SERS with the Raman spectrometer [89]. However, the 
Ag/cotton composites synthesized by LBL and in situ method show higher intensity bands of 
the MB. The appearance of more bands in their spectra is indicating that a SERS 
phenomenon is observed. In more detail, the bands at 1624 and 1394 cm-1 are present on 
both. Also, we distinguish a band more intense at 481 cm-1 for Ag/Cotton in situ that 
correspond to monomers and bands at 500 and 447 cm-1 for LBL, corresponding to 
aggregates of MB. Hence, it seems that, as explain in the study of linen-based composites, 
the MB can form either monomers or aggregates while the solution is drying on the 
substrate.  
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Figure 34: SERS spectra of cotton (a) and cotton-based nanocomposites blend (b), LBL (c) and in situ (d) 
for Au and Ag, with a drop of MB (10
-4
M). 633 nm 
 
c. Confocal Raman microscopy 
 Mapping of MB has been performed for all cotton-based composites, monitoring the 
band at 1624 cm-1. Figure 35 shows the Raman mapping of MB using the Ag/Cotton LBL and 
in situ samples as substrates because they were those which gave the best SERS spectra 
(Figure 34). A first remark is that the scale of intensity is smaller than the one used for 
Ag/Linen LBL and in situ (Figure 28): this shows that globally, the signal of MB is less intense 
on the Ag/Cotton than Ag/Linen composites. Also, we see on the mapping of Ag/Cotton in 
situ that the irregularities of brightness correspond to the irregularities visible on the optical 
image, which confirm that the synthesis of NPs in situ highly depends on the morphology of 
the surface fiber. 
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Figure 35: Raman mapping of MB 10
-4
M using Ag/Cotton LBL (a) and Ag/Cotton in situ (b) as substrates, 
monitoring the band at 1624 cm
-1
 of the SERS spectra. 
 Globally, we remarked that the cotton-based substrates constituted SERS substrates 
less efficient than linen-based composites.  
 
 
B4. SILK BASED NANOCOMPOSITES 
 The measurement of the Raman and SERS signals of the silk-based nanocomposites 
substrates have also been performed in the same way than for the other natural fibers. 
However, silk is a more delicate fiber and have the tendency to burn easily under the power 
of the laser.  
a. Under NIR excitation line: 1064 nm 
 The Raman spectrum of the plain silk shows the characteristic bands of the fiber 
(Figure 36, a), reported in [91]. They are undetectable on the composites with Au: the 
presence of metal on the fiber, even in low amount, induces background that shadows the 
bands of the fiber. On the blend and LBL samples with Ag, the strong band of the silk at 
1450 cm-1, assigned to the deformation of C-H2 bonds [91], is present, but not on the in situ 
sample. This can be explained by the good covering of the fiber by Ag with this synthesis 
method: only the metallic film is analyzed by the laser. 
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Figure 36: Raman spectra of silk (a) and silk-based nanocomposites blend (b), LBL (c) and in situ (d) for 
Au and Ag. The dashed bands correspond to the silk. 1064 nm 
The silk-based substrates, studied with the NIR excitation laser and with the 10-4 M 
methylene blue solution, appeared to be poor signal enhancers. Indeed, only the band at 
449 cm-1, the C-N-C skeletal deformation of MB, and the band at 1624 cm-1, the stretching of 
C-C and C-N-C rings, are faintly visible for the Ag/silk LBL sample (Figure 37).  
 
Figure 37: SERS spectra of silk (a) and silk-based nanocomposites blend (b), LBL (c) and in situ (d) for Au 
and Ag, with a drop of MB (10
-4
M). 1064 nm 
 
b. Under Red excitation line: 633 nm 
 The Raman spectrum of the silk fiber under excitation line of 633 nm presents the 
same bands than under the NIR excitation, except for the band at 1662 cm-1, assigned to the 
stretching of C=O bond from an amide of the fiber [91] (Figure 38, a). However, this band is 
visible on the Raman spectra of the metal/Silk composites synthesized with ex situ methods 
(Figure 38, b, c). As seen on the SEM images, the surface is not regular: the spectra of the 
plain fiber can have been performed on a part of the silk with less of this amide compound. 
Hence depending on the place where the Raman signal is measured, the spectra presents or 
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not this band. Further analyses to confirm this hypothesis have not been performed, knowing 
that the silk composites did not give the best results for our SERS study. 
Indeed, the silk burns easily under the power of the laser. This burning is visible during the 
acquisition of Raman spectra by the apparition of two characteristic large shoulders on the 
graph around 1600 cm-1, corresponding to carbon. Also, after having these bands, switching 
the apparatus for the microscope mode allows to see the burned site on the fiber (data not 
shown). Time-consuming fine adjustments of the laser power are needed to find a 
compromise between a sufficiently energetic beam to detect the analyte and not too 
energetic to avoid burning the composite. It has been observed that the composites with gold 
burn more easily than the ones with silver due to their absorption maximum closer to the 
excitation line. Moreover, this phenomenon is more pronounced in the composites 
synthesized with in situ and LBL methods, because they contain more metallic phase and 
hence, burned more easily. That is why the data shown for these samples (Figure 38, c, d) 
were recorded with a lower laser power than the others.  
 
Figure 38: Raman spectra of silk (a) and silk-based nanocomposites blend (b), LBL (c) and in situ (d) for 
Au and Ag. 633 nm 
As well as for the NIR excitation line, the silk-based substrates, studied with the Red 
excitation laser, appeared to be poor signal enhancers of the MB (10-4 M solution). MB is 
detected by SERS with the Au/Silk in situ and LBL samples only with a weak band at 
446 cm-1 and with the Ag/Silk in situ with the bands at 446, 1391 and 1619 cm-1 (Figure 39). 
However, the SERS signal is not strong enough to be well defined and go over the high 
noise induced by the fluorescence. 
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Figure 39: SERS spectra of silk (a) and silk-based nanocomposites blend (b), LBL (c) and in situ (d) for Au 
and Ag, with a drop of MB (10
-4
M). 633 nm 
 
 Confocal Raman microscopy has been performed on the best silk composite, namely 
the Ag/silk in situ in monitoring the band at 1624 cm-1. However, as silk did not give very 
interesting results, no further measurements were made. 
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3. CONCLUSION 
 This work reports the synthesis of noble metallic nanoparticles/natural fibers 
composites and their evaluation as easy handling SERS substrates for the study of 
methylene blue (MB) under two excitation lines (1064 and 633 nm). The composites, 
constituted of Au and Ag nanoparticles (NPs) deposited on linen, cotton and silk by three 
different deposition method (blend, LBL and in situ), presented different amount of metallic 
phase, certainly influencing their efficiency as SERS substrates. The composites with silk 
and cotton appeared to be poor signal enhancers. It is supposed that the cause of the bad 
SERS enhancement is mainly the low quality of the metallic phase on their surface and the 
sensitivity of the fiber to the excitation lasers (easy burning). The SERS studies of a low 
concentrated MB solution on linen-based composites gave better results for the composites 
with Ag NPs as metallic phase. The samples synthesized by LBL and in situ methods 
allowed a detection of the analyte for a concentration as low as 10-8M under the 633 nm 
excitation line. Comparing the two excitation lines, the red line (633 nm) gave better SERS 
results than the IR line (1064 nm): this is explained by the proximity of the excitation line with 
the surface plasmon resonance of the SERS substrates. 
The use of confocal Raman microscopy allowed us to obtain a mapping of the MB by 
monitoring the band at 1624 cm-1. Considering a homogeneous deposition of the MB 
molecule, this technique can be used to map the distribution of the metallic NPs. Following 
this idea, linen fibers have been coloured with MB, Basic blue and Rhodamine 6G and then 
blended with Ag NPs for different periods of time. The amount of particles deposited was 
higher for an increasing blending period and this observation could be confirmed by SEM 
imaging as well as Raman mapping for MB and Rhodamine 6G. The absence of SERS 
signal for the substrates coloured with Basic blue, as well as the study of the intensities of 
the bands depending on the substrate or the concentration of analyte helped for 
understanding the SERS mecanism of MB on Ag NPs. 
Further works would be necessary to observe the reproducibility of the synthesis of the 
natural fiber/metallic composites. Also, the homogeneity of the SERS active surface on the 
fiber could be increased to obtain a more regular enhancement of the Raman signal of the 
analyte. 
 
55 
 
4. EXPERIMENTAL AND METHODS 
 Several nanocomposites (NCs) have been produced in the laboratory in order to be 
characterized and compared. Gold and silver colloids were synthesized and raw fibers and 
nanoparticles were analyzed before their combination. The nanoparticles were attached to 
the fibers by different methods: two ex situ methods (blending and Layer-By-Layer (LBL) 
deposition) and an in situ method. Different characterization techniques were then used to 
study the morphology, optical and vibrational behaviour of the prepared nanocomposites. 
A. MATERIALS 
 During the synthesis of the composites, the following chemicals were used as 
purchased:  
 silver nitrate (AgNO3, 99.9%, J. M. Vaz Pereira) 
 gold chloride (HAuCl4 3H2O, 99,9%, Sigma-Aldrich)  
 sodium citrate tribasic dihydrate (Na3C6H5O7·2H2O, 99%, Sigma-Aldrich) 
 poly(diallyldimethylammonium chloride) (PDDA, 20 wt% in water, Mw = 100,000–
200,000, Aldrich)  
 poly(sodium 4-styrenesulfonate) (PSS, Mw = 70,000, Aldrich) 
 Methylene blue (MB, C16H18N3SCl, Riedel-De Haën) 
 Basic Blue 
 Rhodamine 6G (Basic Red 1, Sigma) 
 Linen (CETIM) 
 Cotton (CETIM) 
 Silk (CETIM) 
Linen, cotton and silk textile fibres were cleaned by stirring two hours in acetone before their 
use. 
B. SYNTHESIS OF THE SAMPLES 
 The nanocomposites were prepared by three different methods: two ex situ methods 
(simple blending or with previous modification of the fiber by LBL technique) and an in situ 
method. In total, 18 samples have been prepared: for each fiber matrix (linen, silk or cotton), 
Au or Ag NPs have been deposited by the three techniques. 
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a. Ex situ synthesis 
Synthesis of the NPs 
 Nanoparticles of gold and silver were prepared, following the citrate method [24, 31]. 
All the glassware used was previously cleaned with aqua regia for at least 2 hours to remove 
traces of previous syntheses. 
For the gold colloid, 50 mL of a solution 1 mM of HAuCl4 in ultra-pure water was heated for 
10 minutes between 90°C and 100°C in reflux before the addition of 5 mL of 38.8 mM citrate 
solution under stirring. The temperature is held 1 hour before stopping the reaction. The 
obtained solution has a ruby red colour. 
For the silver colloid, 50 mL of a solution 1 mM AgNO3 in distilled water was heated for 10 
minutes between 90°C and 100°C in reflux before the addition drop-by-drop of 1 mL of 1% 
citrate solution under stirring. The temperature is held 45 minutes before stopping the 
reaction. The obtained solution has a pale yellow colour. 
The insets in the Figure 6 show the aspects of the obtained colloids. 
 
Deposition on fibers 
Blending  
The blending method consisted in stirring (400 rpm) the cleaned fiber with the previously 
prepared metallic colloid at room temperature for an hour. The solution was then filtered and 
the composite was washed two times with water to remove the excess of colloid. Finally, the 
composite was oven-dried at 70°C over-night before characterization. 
Layer-By-Layer modification of the fiber 
The LBL preparation of the fiber consisted in dipping the cleaned fiber in a positive 
electrolyte, then in a negative polyelectrolyte and then again in a positive one. The 
polyelectrolytes used for LBL deposition must be prepared maximum two days before their 
use. The positive and negative electrolytes were 0.1% of PDDA and 0.1% of PSS 
respectively, dissolved in a 0.5 M NaCl solution. At each deposition step, 100 mg of the fiber 
was stirred 20 min in 20 mL of the polyelectrolyte at room temperature, filtered and washed 
twice with water before the following deposition. After alternating PDDA, PSS and PDDA, the 
fiber was stirred 20 min with the metallic colloid for the deposition of particles and then 
washed and oven-dried at 70°C over-night. 
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b. In situ synthesis  
In-situ synthesis of the NCs was performed following the same experimental conditions as 
described above for the synthesis of the colloids, in the presence of textile fibres. The fibres 
(250 mg) were added to the initial HAuCl4 or AgNO3 aqueous solution before heat treatment 
aiming to nucleate the Au or Ag nanoparticles at their surfaces. After reduction, the NCs 
were removed and thoroughly washed with distilled water. The nanoparticles remained 
attached to the fibres after repeated washing with water. The nanocomposites were then 
dried in an oven at 70°C overnight. 
 
c. Synthesis of dyed linen, treated with Ag NPs  
 To study in a different way the link between the Ag NPs and the dyes, another series of 
samples have been produced by incorporating the dye in the linen fiber before its stirring with 
the Ag colloid. For each dye (MB, Basic Blue and Rhodamine 6G), 50 mg of linen fiber have 
been stirred for 1 hour in 20 mL of a 10-4M solution of the dye. The fiber was then filtered, 
rinsed twice with water and let dry at room temperature. This coloured fiber was then 
separated in small portions to be stirred in Ag colloid for different periods of time, varying 
from 1 to 24 hours, hidden from the light to avoid degradation of the dye. After stirring, the 
sample was filtered, rinsed twice and let dry at room temperature to be then characterized by 
SEM and SERS under the 633 nm excitation line. 
 
d. SERS measurements 
Raman and SERS measurements have been performed under three excitation lines: 1064 
nm, 633 nm and 532 nm.  
Solutions of MB were prepared in distilled water with different concentrations from 10-4 M to 
10-9 M, to study the lower detection limit of the substrates in SERS. 
For the studies of analytes in colloids, MgCl2 is used to aggregate the particles for increasing 
the SERS effect. This aggregation is prepared freshly before the measure to avoid the 
precipitation of the aggregates.  
For the studies of analytes on the nanocomposites, samples were prepared by depositing a 
portion of the composite on tape. Then, a drop of 10 μL of the analyte solution is deposited 
on the sample and let dried at room temperature. 
For each measurement, the plain fiber with a drop of analyte was used as control sample. 
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C. INSTRUMENTATION 
We report in this part the analysis techniques used for the study of our materials. 
 A Jasco V 560 Ultra-Violet/Visible (UV/Vis) spectrophotometer was used for recording 
the UV/Vis absorption of solutions and solids. 
For liquids, the apparatus was used in absorbance mode (200 nm/min, band width 
2 nm) and with water as baseline. For solids, the apparatus was used in reflectance 
mode (100nm/min, band width: 5nm) with BaSO4 as baseline and with following 
conversion in Kubelka-Munk units. 
 
 Fourier transform infrared spectroscopy analyses coupled to a horizontal attenuated 
total reflectance accessory (ATR-FTIR) were recorded using a Matson 700 FTIR 
spectrophotometer, using 256 scans from 350 to 4000 cm-1, at a resolution of 4 cm-1.  
 
 Scanning electron microscopy (SEM) images were obtained using a Hitachi SU-70 
SEM with backscattered electron detector and EDS analysis using an EDS Bruker 
Quantax 400.  
 
 Transmission electron microscopy (TEM) was carried out on a Hitachi H-9000 
microscope operating at 300 kV. To prepare the TEM samples, a drop of the diluted 
colloid was deposited on a carbon-coated copper grid, and the solvent was left to 
evaporate. 
 
 A Malvern ZetaSizer Nano-zs was used to measure the Zeta potential of the metallic 
particles and of the fibers that were previously stirred 2 days in distilled water to 
obtain small fibrils for the measurement. The apparatus has also been used for size 
measurements of the NPs, based on the electrophoretic movement of the particles in 
solution. 
 
 X-ray powder diffraction (XRD) was performed on samples deposited on silicon 
substrates, using a Philips X’Pert instrument operating with Cu KR radiation 
(λ = 1.541 78 Å) at 40 kV/50 mA.  
 
 Raman spectra were recorded using a Bruker RFS100/S FT- Raman spectrometer 
(Nd:YAG laser, 1064 nm excitation) or WITec alpha 300RAS+ equipped with a 
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multichannel air cooled (−60°C) CCD detector (He:Ne laser, 633 nm excitation or 
Nd:YAG laser, 532 nm excitation) 
In the former case the Raman spectra were recorded with the laser power set at 
200 mW, with 500 scans at a resolution of 4 cm-1, while in the latter situation the 
Raman spectra were acquired with the laser power set at 22 mW with 0.5 s of 
acquisition and 10 scans, using a 50x objective lense. The small time of acquisition is 
chosen to limit the risks of burning the sample. 
The calibration of WITec alpha 300RSA+ is performed with silicium. 
For Raman mapping, the images are all took with 150x150 scan points and 0.01 s of 
integration time for each scan. 
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ANNEXES 
a. Colloids 
 A1: SERS spectra of Au (a) and Ag (b) colloids with 10-4 M of MB. 633 nm 
b. Linen 
 A2: Infrared spectra of Linen (a), Au-Linen in situ (b) and Ag-Linen in situ (c) 
nanocomposites. 
 A3: Infrared spectra of plain linen and linen polyelectrolytes. 
 A4: Raman mapping, monitoring the band at 1360 cm-1 of the SERS spectra of R6G-
dyed linen after stirring with Ag NPs during 1h, 4h, 8h and 24h. 
c. Cotton 
 A5: Absorption spectra of the colloid (a) and solutions after blending (b) and LBL 
deposition (c) on cotton for Au and Ag. 
 A6: Infrared spectra of plain cotton (a) and blend (b), LBL (c) and in situ (d) cotton 
NCs for Au and Ag. 
d. Silk 
 A7: Absorption spectra of the colloid (a) and solutions after blending (b) and LBL 
deposition (c) on cotton for Au and Ag. 
 A8: Infrared spectra of plain silk (a) and blend (b), LBL (c) and in situ (d) silk NCs for 
Au and Ag.  
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a. Colloids 
A1: SERS spectra of Au (a) and Ag (b) colloids with 10
-4
 M of MB. 633 nm 
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b. Linen 
A2: Infrared spectra of Linen (a), Au-Linen in situ (b) and Ag-Linen in situ (c) nanocomposites. 
 
 
 
A3: Infrared spectra of plain linen (a) and linen with a layer of PSS (b), PDDA (c). 
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A4: Raman mapping, monitoring the band at 1360 cm
-1
 of the SERS spectra of R6G-dyed linen after 
stirring with Ag NPs during 1h, 4h, 8h and 24h. 
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c. Cotton 
A5: Absorption spectra of the colloid (a) and solutions after blending (b) and LBL deposition (c) on cotton 
for Au and Ag. 
 
 
 
 
 
 
A6: Infrared spectra of plain cotton (a) and blend (b), LBL (c) and in situ (d) cotton NCs for Au and Ag. 
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d. Silk 
A7: Absorption spectra of the colloid (a) and solutions after blending (b) and LBL deposition (c) on cotton 
for Au and Ag. 
 
 
A8: Infrared spectra of plain silk (a) and blend (b), LBL (c) and in situ (d) silk NCs for Au and Ag. 
 
 
 
